Epitaxial CeO 2 /Ce 1¹x Zr x O 2 /Y 0.15 Zr 0.85 O 1.93 (YSZ) buffer layers were fabricated on a Si(100) substrate by pulsed laser deposition, and its crystallinity and surface roughness were analyzed. When Ce 1¹x Zr x O 2 (x = 00.6) films were directly deposited on the Si(100) substrate, the films had a (111) or (111)-preferred orientation. In contrast, (100)-oriented epitaxial films of the Ce 1¹x Zr x O 2 (x = 00.6) were obtained by introducing a 2.5-nm-thick YSZ buffer layer between Ce 1¹x Zr x O 2 and Si. Lattice parameters and surface roughness of the Ce 1¹x Zr x O 2 layers on the YSZ-buffered Si(100) decreased from 0.542 to 0.525 nm (in-plane) and 0.47 to 0.12 nm, respectively, as the increase of x from 0 to 0.6. After that, an epitaxial CeO 2 /Ce 0.4 Zr 0.6 O 2 /YSZ buffer layer was fabricated on the Si substrate. Differences in lattice parameters between CeO 2 and Ce 0.4 Zr 0.6 O 2 and also between Ce 0.4 Zr 0.6 O 2 and YSZ became about half of that between CeO 2 and YSZ. As a result, surface roughness of the CeO 2 layer on top of the Ce 0.4 Zr 0.6 O 2 /YSZ/Si and full width at half maximum of the rocking curve of the CeO 2 (004) reflection became 0.18 nm and 0.89 degrees, respectively, which were smaller than those of CeO 2 layers deposited directly on YSZ/Si.
Introduction
Thin films of ferroelectric materials with a high electro-optic coefficient integrated on Si substrates are expected to have applications in next-generation optical devices. Pb(Mg 1/3 Nb 2/3 )O 3 PbTiO 3 (PMNPT) is one of these ferroelectric materials. 1) Shinozaki et al. deposited an epitaxial PMNPT film on a Si(100) substrate with buffer layers comprising La 0.5 Sr 0.5 CoO 3 (LSCO), CeO 2 , and Y 0.15 Zr 0.85 O 1.93 (YSZ) (100)-oriented epitaxial layers using a pulsed laser deposition (PLD) method. 2) However, hillocks on the PMNPT film surface diminished the optical properties. Although various origins of hillocks on thin films have been proposed so far, a formation mechanism of the hillocks was not clarified. Million et al. 3) and Capper et al. 4) reported that the hillocks on Cd x Hg 1¹x Te layers were generated at the layer/substrate interface. The cross-sectional transmission electron microscope image of the PMNPT film shown in the Ref. 2 also suggested that the hillocks were formed at the interface between the PMNPT and buffer layers. Therefore, improvement in the crystallinity and surface roughness of buffer layers should lead to deposition of a higher-quality PMNPT film.
The LSCO was epitaxially grown on the CeO 2 in the buffer layers with an in-plane 45°rotated relationship. 5) This is because the length of the diagonal line of the LSCO (100) plane (0.542 nm) is very close to the lattice parameter of CeO 2 (0.541 nm). 6) Difference in lattice parameters between CeO 2 and Si is also quite small (0.37%). However, the CeO 2 thin film cannot be epitaxially grown directly on a Si(100) substrate because Ce 2 O 3 forms as a result of the reaction between CeO 2 and Si. 7) Therefore, a buffer layer is necessary for the epitaxial growth of a CeO 2 film on a Si(100) substrate. A YSZ thin film is often used as the buffer layer, because YSZ has the same cubic fluorite structure as CeO 2 and is thermodynamically more stable than SiO 2 .
7) However, difference in lattice parameters between YSZ and Si is ¹5.3%, whereas that between CeO 2 and YSZ is 5.3%. These relatively large differences are considered as one of the reasons crystallinity and surface roughness deteriorates in the epitaxial CeO 2 /YSZ buffer layer. For example, although the CeO 2 layer is epitaxially grown on the YSZ layer with a cube-on-cube relationship, CeO 2 crystals on the YSZ layer have a degree of freedom to rotate slightly in-plane because of the large lattice parameter difference between CeO 2 and YSZ. The presence of some slightly rotated CeO 2 crystals will result in deterioration of the crystallinity and surface roughness. The surface of the epitaxial CeO 2 /YSZ buffer layer is actually rougher than the epitaxial YSZ layer on a Si substrate.
One 
Experimental details
All thin films were deposited by the PLD method with a KrF excimer laser (wavelength = 248 nm). A YSZ ceramic target with a 16-mm diameter was fabricated by sintering a raw powder of 8 mol % Y 2 O 3 ZrO 2 (TZ-8YSB, Tosoh Corporation, Tokyo, Japan) at 1500°C for 2 h in air. Furthermore, a CeO 2 ceramic target was fabricated by sintering a raw powder of CeO 2 (Anan Kasei Co., Ltd., Tokushima, Japan) at 1450°C for 2 h in air. Ce 1¹x Zr x O 2 ceramic targets were fabricated as follows. Raw powders of CeO 2 and ZrO 2 (TZ-0, Tosoh Corporation, Tokyo, Japan) were weighed to various molar ratios and mixed in ethanol by ball milling for 7 h. The mixtures were then dried in a rotary evaporator. The powder mixtures were calcined at 900°C for 2 h in air. The calcined powders were ground with an alumina mortar and pestle, and sieved with a 110-nylon mesh. Pellets of 20-mm diameter were made by uniaxial pressing at 100 MPa, and sintered at 1450°C for 4 h in air. The surfaces of all ceramic targets were polished with polishing papers before PLD. N-type Si(100) with 10 mm © 10 mm © 0.625 mm was used as a substrate. The Si substrate was ultrasonically cleaned in isopropyl alcohol for 5 min. No other treatments to remove native oxides of the Si substrate were applied. The Si substrate and targets were placed in the deposition chamber, and the distance between them was set as 55 mm. The substrate was heated to 800°C under a base pressure lower than 1.3 © 10 ¹3 Pa. Then, thin films were deposited by PLD using 110-mJ laser power.
Film thickness was measured with a profilometer (Dektak3, Sloan Technology Co., Santa Barbara, CA). Surface microstructure and roughness of the film were measured with an atomic force microscope (AFM; NanoScope IIIa, Digital Instruments, USA). The crystalline phase and orientation of the film were identified by X-ray diffraction (XRD) patterns measured by a 2ª½ scan with Cu K¡ irradiation (X'Pert-MPD, PANalytical B.V., Almelo, Netherlands). Film mosaicity was evaluated through high-resolution X-ray rocking curve measurement with Cu K¡ 1 irradiation (X'Pert-MRD, PANalytical B.V., Almelo, Netherlands) using a Ge (220) four-bounce incident monochrometer. The chemical compositions of targets and thin films were measured by energy dispersive X-ray fluorescence spectrometer (EDXRF; MiniPal 4, PANalytical B.V., Almelo, Netherlands).
Results and discussion

Ce 1−x Zr x O 2 ceramic targets
The nominal and measured chemical compositions of Ce 1¹x -Zr x O 2 (CZO) ceramic targets are summarized in Table 1 . Hereafter, ceramic targets with nominal compositions of Ce 1¹x Zr x O 2 (x = 0, 0.2, 0.4, 0.6, and 0.8) and thin films deposited using those targets are referred to as CZO0 (CeO 2 ), CZO2, CZO4, CZO6, and CZO8, respectively. The measured ZrO 2 content x in CZO2, CZO4, CZO6, and CZO8 were 0.23, 0.48, 0.55, and 0.77, respectively. The XRD patterns of the CZO targets are shown in Fig. 1 . CZO0 and CZO2 have a cubic structure, and CZO4, CZO6, and CZO8 have a mixture of cubic and tetragonal structures. These results agree with the phase diagram of CeO 2 ZrO 2 . Figure 2 shows the XRD patterns of the CZO thin films deposited on the Si(100) substrate. The CZO2 and CZO4 films had a cubic structure and (111) orientation. The CZO6 film had a cubic structure and (111) and (001) orientations. In contrast, the CZO8 film had a tetragonal structure and (001) We attempted the (100) epitaxial growth of CZO thin films on a Si(100) substrate by introducing a YSZ thin film as a buffer layer, because YSZ buffer layers have been effective for the (100) epitaxial growth of CeO 2 films on the Si(100) substrate. 10) First, the YSZ thin film was deposited under a base pressure lower than 1.3 © 10 ¹3 Pa for 1 min with a pulse repetition rate of 7 Hz. Then, CZO thin films were deposited on the Si substrate under the oxygen partial pressure of 7.3 © 10 ¹2 Pa for 30 min with a pulse repetition rate of 3 Hz. The deposition time was 15 min only in the case of the CZO0 (CeO 2 ) film deposition. Figure 3 shows the XRD patterns of the CZO thin films on the YSZ-buffered Si(100) substrates. Measured x values in the CZO2, CZO4, CZO6, and CZO8 films were 0.30, 0.55, 0.73, and 0.87, respectively. Their measured thicknesses were 112, 93, 62, and 55 nm, respectively. The CZO8 film had a tetragonal structure and (001) and (110) orientations, which agreed with the case for the CZO8 film directly deposited on the Si substrate. In contrast, the CZO0 (CeO 2 ), CZO2, CZO4, and CZO6 films were epitaxially grown on the YSZ-buffered Si(100) substrates. Koike et al. fabricated Ce 1¹x Zr x O 2 epitaxial thin films with compositions of x = 0.62 0.72 on the Si(100) substrate by an electron beam evaporation technique.
9)
11) However, in this study, the introduction of the 2.5-nm-thick YSZ buffer layer enabled us to deposit Ce 1¹x Zr x O 2 (x = 00.73) epitaxial films on the Si(100) substrate. One possible explanation for the epitaxial growth of the CZO films is that the 2.5-nm-thick YSZ buffer layer prevents the formation of Ce 2 O 3 and SiO 2 on the Si substrate. Thus, this result shows the introduction of a YSZ thin buffer layer is effective for the (100) epitaxial growth of CZO thin films on the Si(100) substrate. Figure 4 shows the lattice parameter of the CZO thin films calculated from the XRD patterns. Filled (▲) and open triangles (△) are the in-plane (d a ) and out-of-plane (d c ) lattice parameters, respectively. The lattice parameters of the Ce 1¹x Zr x O 2 films decrease with increasing ZrO 2 content. In the CZO4 film, d a is almost equal to d c . However, although the CZO0, CZO2, and CZO6 also have a cubic structure, a difference between d a and d c is observed. In the CZO0 and CZO2 films, d a is slightly larger than d c , indicating that residual tensile stress was applied to these films. In contrast, d a is slightly smaller than d c in the CZO6 film. This shows that residual compressive stress was applied to the CZO6 film.
The AFM images of the CZO films on the YSZ-buffered Si(100) substrate and their surface roughness (R a ) are shown in Figs. 5 and 6 , respectively. The measurements of the YSZ thin film (corresponding to the composition of x = 1) on the Si(100) substrate are shown in these figures. R a of the CZO0 (CeO 2 ) film is 0.47 nm and 4.7 times larger than that of YSZ (R a = 0.10 nm). R a of the CZO2 film is similar to that of CZO0. However, R a Fig. 3 . XRD patterns of Ce 1¹x Zr x O 2 (x = 00.8) thin films on the YSZbuffered Si(100) substrate. drastically decreases in the CZO4 film, and the CZO6 and CZO8 films have less surface roughness, which is comparable to the YSZ.
3.4 Improvement of crystallinity and surface roughness in epitaxial CeO 2 /YSZ buffer layers 3.4.1 CeO 2 /YSZ (2.5 nm) buffer layer on Si(100)
We attempted to improve crystallinity and surface roughness in the epitaxial CeO 2 /YSZ buffer layer on a Si(100) substrate by decreasing laser power during PLD. Laser power is one of the key factors that greatly affect the quality of thin films deposited by PLD including crystalline orientation, crystallinity, and surface roughness. A 2.5-nm-thick YSZ thin film was first deposited on the Si(100) substrate by PLD with 110-mJ laser power. Then, an epitaxial CeO 2 thin film was deposited by PLD with a laser power of 110 or 55 mJ. R a measured by AFM and full width at half maximum (FWHM) of the rocking curve for the CeO 2 (004) reflection (¦½ 004 ) measured by high resolution XRD analysis are summarized in Table 2 . R a decreases with the laser power, whereas ¦½ 004 increases. Thus, both higher crystallinity and a smoother surface of the epitaxial CeO 2 /YSZ buffer layer were not obtained only by adjusting laser power in PLD. It was then attempted to improve crystallinity and surface roughness in the epitaxial CeO 2 /YSZ buffer layer by introducing an epitaxial CZO layer between CeO 2 and YSZ. The CZO6 layer was chosen because it was epitaxially grown on the YSZbuffered Si(100) substrate, and its R a was the smallest. Difference in lattice parameters between CeO 2 and CZO6 and between CZO6 and YSZ are 2.7 and 2.5%, respectively. These values are about half of difference in lattice parameters between YSZ and CeO 2 (5.3%). A 2.5-nm-thick YSZ layer was first deposited on the Si(100) substrate under the same conditions described above. Then, a 30-nm-thick CZO6 layer was deposited by PLD with 55-mJ laser power followed by CeO 2 film deposition under the same conditions. It was confirmed from XRD patterns that both the CeO 2 and CZO6 layers were epitaxially grown on the YSZbuffered Si(100) substrate. R a and ¦½ 004 are shown in Table 2 . R a and ¦½ 004 of the CeO 2 top layer in the CeO 2 /CZO6/YSZ/ Si(100) are the smallest among the three samples. Thus, the introduction of a CZO layer between CeO 2 and YSZ is effective for improving crystallinity and surface roughness in the epitaxial CeO 2 /YSZ buffer layer.
Conclusions
The crystallinity and surface roughness in a CeO 2 /YSZ epitaxial buffer layer on a Si(100) substrate was improved using a Ce 1¹x Zr x O 2 solid solution layer that has lattice parameters intermediate between CeO 2 and YSZ. (100)-oriented thin films of the Ce 1¹x Zr x O 2 (x = 00.6) were epitaxially grown on the Si(100) substrate by introducing a 2.5-nm-thick YSZ buffer layer. As the ZrO 2 content in the Ce 1¹x Zr x O 2 film increased, the lattice parameters and surface roughness of the CZO film decreased. The Ce 0.4 Zr 0.6 O 2 film had the smoothest surface. The (100) epitaxial CeO 2 /Ce 0.4 Zr 0.6 O 2 /YSZ buffer layer was grown on the Si(100) substrate. Its crystallinity and surface roughness are better than those of the epitaxial CeO 2 /YSZ buffer layer used in previous studies. Thus, this study clearly demonstrates that reduction of differences in lattice parameters between adjacent layers in the epitaxial buffer layer makes its crystallinity higher and its surface smoother. 
